Abstract: There are only a few reported methods by which the size and morphology of organic single crystals for high-performance organic field-effect transistors (OFETs) or other devices can be controlled. Here, a facile solutionprocessed antisolvent vapor diffusion method was employed to grow millimeter-length C60 single crystal microwires directly in the solution. The size of the microwires can be controllably varied via the C60 concentration and/or the choice of antisolvent. OFETs fabricated from the as-produced microwires exhibit mobilities as high as 2.30 cm 2 V −1 s −1 . A clear relationship between crystal preparation condition and device performance is revealed whereby the lower the evaporation rate of antisolvent and/or the higher the 2 C60 concentration, the higher the devices performance. Photodetectors based on our microwires give a responsivity that is an order of magnitude higher than those grown by drop-casting methods. This study provided a facile method for the crystal engineering of size-tunable millimeter-length C60 single crystals, and revealed the important influences of antisolvent to the C60 crystal size and the performance of devices based on them. We believe that our processing approach can be further exploited for a broad range of other organic semiconductors to achieve desirable single crystal size and morphology and thus desirable OFETs and photodetector performance.
Until now, the most commonly used methods for fabricating organic singlecrystals are vacuum-deposition and solution-deposition techniques. However, these techniques have several drawbacks. Vacuum deposition has the disadvantages of being energy-consuming and a requirement for complex equipment. Solution-deposition techniques, including drop-casting, 18 spin-coating, 19, 20 and dip coating [21] [22] [23] have the disadvantage of involving a step in which the solvent is removed from the surface by evaporation -a kinetically controlled phenomenon. [24] [25] [26] [27] These have the effect that the microstructures of single crystals are not particularly controllable, resulting in poor reproducibility. 28 Various post-treatment procedures have been widely employed to improve molecular surface organization after solution deposition such as thermal 18, 29 and solvent vapor annealing. [30] [31] [32] [33] [34] These in turn had the disadvantage in that that posttreatment requires the preformation of a homogeneous and continuous film, which limits their applicability for device fabrication. Growing crystals directly in solutions avoids the negative effect caused by the substrate, which enables more finely tuning of the crystal morphology and thus achieve the desirable device performance.
In this article, we report a two-vial-based solution-processing method, antisolvent vapor diffusion (AVD), which permits modification of the self-assembly of organic semiconductors directly in the solution before transferring to substrates. In this method, we set C60 solutions of m-xylene in the inner vial and antisolvents including methanol (MeOH), ethanol (EtOH) and isopropanol (IPA) in the outer vial. The slow solvent exchange between m-xylene and antisolvents via vapor diffusion enables gradual and highly controlled adjustment of the size of the crystals. The crystal size is finely tuned by varying the C60 concentrations together with using different antisolvents.
Macroscopic C60 SCMWs with millimeter lengths were obtained through this method.
The effect of antisolvent-induced variations in the crystal size (length, width and height) and crystallization behavior were studied by optical microscopy (OM), atomic force microscopy (AFM), scanned electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD), as appropriate. OFETs are fabricated based on AVD-grown C60 SCMWs with a maximum electron mobility exceeding 2.30 cm 2 V -1 s -1 . NIR-photodetectors based on AVD-grown SCMWs present a responsivity an order of magnitude higher than those grown by drop-casting ("DC") method,
indicating a high suitability of the AVD method for practical applications. This study provided a facile method for the crystal engineering of size-tunable millimeter-length C60 single crystals, and revealed the important influences of antisolvent to the C60 crystal size and the performance of devices based on them. We believe that our processing approach can be further exploited for a broad range of other organic semiconductors to achieve desirable single crystal size and morphology and thus desirable OFETs and photodetector performance.
Using an AVD crystallization strategy, we have succeeded in growing size-tunable millimeter-length C60 SCMWs. Figure 1a displays the setup and working mechanism of the two-vial-based AVD. During the process of AVD, a C60 solution in inner vial is exposed to an atmosphere of a saturated antisolvent vapor in an airtight container. The slow solvent exchange between the two solvents via vapor diffusion enables gradual, highly controlled adjustment of the solubility of the C60 molecules. Upon gradual solvent exchange, the solution in the inner vial became more dominant with antisolvents, which are poor solvents (with low solubility) for C60, thereby leading to self-assembly of the C60 molecules into SCMWs. After 5 days' growth, C60 SCMWs with millimeter length are achieved. The SCMWs obtained were then re-dispersed in hexane, producing a suspension well-suited for moving onto a substrate by pipette. After 24 hours' thermal annealing under vacuum to remove solvent molecules from the lattice structure, 35 the samples can be used for microscopy imaging or device fabrication. Successful application of this method for crystallization depends on the judicious selection of solvents according to the intrinsic properties of the materials under study. m-xylene was used as the inner-vial solvent because it can induce 1D single crystal growth of C60. 17 Commonly-used poor solvents for C60, IPA, MeOH and EtOH, were used as outer-vial antisolvents. (Table 1) .
This is a result of the increased number density of nuclei (i.e., the number of microwires as per Figure 1f ). In summary, the advantage of the AVD process is that the crystal size can be fine-tuned in the solution by varying the C60 concentration and/or selecting the antisolvents with different evaporation rates. Varying the solution concentration controls the crystal three dimensional sizes while applying different antisolvents further tunes crystal length.
To gain more insight into the crystal structures of the C60 SCMWs, the samples were studied by XRD, the results of which are shown in Figure 2d and Figure S11 . semiconductor devices generally improves as charge mobilities increase. 42 The mobility was gate-bias dependent therefore we calculated the mobilities over the high gate voltage regime (40 to 80 V), as suggested in the literature. 43 OFET characteristics of C60 SCMWs obtained at different preparation conditions was summarized in Table   2 . For comparison, OFETs based C60 needle-like crystals grown by conventional dropcasting method was also fabricated according to the literature. 17 At the C60 concentration of 2.0 mg mL -1 with IPA as antisolvent, a maximum electron mobility concentrations of C60 in m-xylene were used for crystal growth to uncover the growth condition and mobility relationships as shown in Figure 3g . Firstly, it is seen that at constant C60 concentration, the average mobility of OFETs shows a decline when employing IPA, EtOH and MeOH, respectively, as the antisolvent. This is due to their different ERs; whereby, lower ER antisolvent give slower solvent exchange between the two solvents via vapor diffusion. This enables gradual and highly controlled adjustment of the solubility of the molecules and produce high-quality crystals with lower defects. Secondly, it was found that, for constant antisolvent, C60 concentration in m-xylene plays an important role in device performance, whereby mobility increases with increasing C60 concentration. As discussed above, higher C60 concentrations induce thinner single crystals, which result in better interfacial contacts to the dielectric. 44, 45 Furthermore, thinner crystals would minimize the injection and extraction barriers of charge carriers. 46 These are further evidenced by calculating the subthreshold swing (S.S.) and interface trap density (NSS), which represent the interface quality and the trap behavior in OFETs. It is reported that the crystal quality plays an important role in device performance. 47 As the interface control is the same for all devices, their different S.S. and NSS result from the different crystal quality. Therefore, the S.S. and NSS here can represent the crystal quality of each device. Subthreshold swing and interface density of each OFETs are calculated according to the Equation (1) and Equation (2):
Where Ci is the capacitance per unit area; k is Boltzmann's constant, and T is the absolute temperature, IDS is the drain-source current, VGS is the gate voltage . As shown in Table 2 , OFETs based on C60 grown by IPA has the lowest S.S. and NSS, which further confirmed that the slower decrease in solubility allows for growth of materials with minimal crystalline defects and thus result in higher device performances. As such, not only the crystal size, but also device performance, is fine-tunable by the AVD method.
Curry Table 3 . when compared to the current in the dark. These devices also revealed good lightcontrolled characteristics in that the conductivity increased significantly with the increase of illumination intensity. Interestingly, the AVD-device has a lower dark current than the DC-device, which is attributed to their different morphologies. The microwires of the AVD-device has a width of ~ 0.9 μm. This is less than the ~2.4 μm width for the DC-device, which gives lower dark current in AVD device.
Photoresponsivity, R, is a key factor to identify the light-sensitive performance of photodetectors. R is defined as the photocurrent generated per unit power of incident light on the effective area of a photodetector. To further evaluate the photo-response, we calculated photo-responsivity of AVD and DC-devices by the Equation (3):
Where Ilight is the current when exposed to NIR light, Idark is the dark current, P is the incident power density and S is the effective illuminated area. The effective irradiated area is approximately 5.13 μm 2 . The AVD photodetector has clearly a substantially higher performance than the DC-device. As depicted in Figure 4c and d,
at an applied bias of 30 V, under 1.5, 2.5 and 6.5 mW cm -2 laser illumination, AVD devices achieve responsivities of 82.6, 58.5 and 48.2 A W -1 respectively. These are over one order magnitude higher than the responsivities of the corresponding DC-devices as shown in Table 3 . Broad spectral detection is beneficial for extending the application range of photodetectors. The spectral photoresponse of the device at a bias of 30 V at wavelengths from 350 to 800 nm is displayed in Figure S17 . The AVD photodetectors present broadband photo-response at wavelength from 350 to 800 nm. The peak response is found at 450 nm with a responsitivity of about 112.5 A W -1 . These results indicate an excellent performance of photodetectors based on our AVD grown C60 single crystals, which give more satisfactory values when compared with other reported photodetectors working under the similar conditions (Table 4) . 37, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] Furthermore, both AVD and DC photodetectors present good stability. As shown in Figure S18 , both devices retained over 80% of their initial responsitivities after 240 h in 30% relative humidity at room temperature.
It has been reported that the device configuration had a drastic influence on the sensitivity of photodetectors: whereby channels with larger surface-to-volume ratio would yield higher responsivity. 8 In our case, the C60 microwires grown by the AVD method have a higher surface-to-volume ratio than that produced by the DC method, which enables the AVD device to have higher performance. This is further confirmed by measuring several AVD devices with different surface to volume ratios as shown in Table S1 . In addition, AVD device (2.11 cm 2 V -1 s -1 ) has a higher charge mobility than DC device (0.78 cm 2 V -1 s -1 ), which would lead to high efficiency of the extraction of photo-generated carriers, and result in the better performance of AVD than DC. 53 It is also worth noting that at the same applied bias, the responsivity increases with lower power density, which demonstrates the high sensitivity of our NIR photodetectors. single crystals by AVD method, shows better performance than the DC device with a fast, reversible, and stable photo-response, revealing the excellence of AVD method for practical applications. We believe that AVD method can be further exploited for a broad range of other organic semiconductors to achieve desirable single crystal size and morphology and thus desirable OFETs and photodetector performance.
Experimental Section
Materials: C60 with a purity of 99.95% was purchased from SES research, nOctadecyltrimethoxysilane (OTS) was purchased from Sigma Aldrich. m-xylene, IPA, MeOH, EtOH and other solvents were purchased from Sigma Aldrich. All materials were used without further purification.
Wafer modification: Highly doped silicon substrates (1 cm 2 ) with 300 nm SiO2 were used for FET substrates. Before crystallization, the wafers were modified by n-OTS monolayer following previous report.
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Crystallization: Crystals were grown by a two-vial-based antisolvent vapor diffusion methods. Briefly, an inner vial containing 2 ml m-xylene solution of C60 was placed in a sealed outer vial, which contained about 2 ml of antisolvent. The concentration of C60 was varied from 0.2 mg ml -1 to 2 mg ml -1 and IPA, EtOH and MeOH were respectively applied as antisolvent in this research. The inner vial was sealed by fine-meshed aluminum foil for slow vapor diffusion between the two solvents (Figure 1a) . Upon gradual solvent exchange, the solution in the inner vial became more dominant with antisolvent, thereby leading to self-assembly of the molecules into MWs. After about 5 days, the exchange between the two solvents reached the equilibrium, resulting in complete assembly of the molecules, and precipitating down to the bottom of the inner vial. Then, the MWs were filtered from the solution and re-dispersed in hexane, producing a suspension well-suited for deposition on a substrate either for microscopy imaging or device fabrication. 
Morphology Characterization and

